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Abstract
1. In large rivers, fish ontogenic development success is mainly influenced by re-
source availability and by the possibility of species to adapt their diet (i.e. trophic 
niche). Humans have drastically modified freshwater habitats, notably for naviga-
tion purposes. Such modifications may reduce food availability for young of the 
year (YOY) fish and, consequently, influence their ability to reach the adult age.
2. In the Meuse River, decrease of fish abundance is thought to be linked to a drastic 
reduction of phytoplankton biomass. In this context of decreasing phytoplankton 
biomass, we studied trophic niches of three cyprinid species (common bleak 
Alburnus alburnus, chub Squalius cephalus, and roach Rutilus rutilus) and one percid 
species (European perch Perca fluviatilis) at various stages of development, using 
stable isotope analysis in order to compare intra- and interspecific competition 
between sites differing in degree of channelisation.
3. Two reaches of the Meuse River differing by their degree of regulation were in-
vestigated. We hypothesised that habitat homogenisation would (1) decrease 
food resource availability and diversity and (2) increase trophic competition, par-
ticularly among earlier ontogenic stages, and promote individual specialisation.
4. Our study provides evidence that in the context of low planktonic biomass, most 
YOY relied on benthic food sources. Furthermore, the Meuse River flow and 
depth regulation significantly impacted the abundance and species richness of 
YOY. In the heavily channelised reach, between-stages competition and low re-
source diversity lead to an increase in diet partitioning between cyprinid larvae, as 
well as consumption of non-optimal energetic food sources such as aquatic vege-
tation by some individuals.
5. By contrast, in the less channelised reach, larvae displayed a generalist feeding 
habit focusing on high energy content prey such as different taxa of macroinver-
tebrates, suggesting that the diversity of habitat reduces the food competition 
within and between stages.
6. Intraspecific resource repartition is a key point for YOY fish having to cope with 
plankton-depleted conditions. Younger cyprinid stages seem more affected by 
intra- and inter-specific competition in the more channelised reach. YOY fish com-
munities were also less diversified and abundant in the more altered site, which 
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1  | INTRODUC TION
Pianka (1981) developed a theory popular among ecologists describ-
ing the trophic competition between species as the proportion of 
overlap between their trophic niches. In most cases, when resources 
and environmental variability decrease, trophic niche overlap tends 
to increase, which could lead in the most severe situations to compet-
itive exclusion. This typically happens when introduced taxa occupy 
a new biotope and out- compete their trophic competitors (Ward & 
Ricciardi, 2007). This is the case in freshwater systems where ex-
otic Dreissenidae mussels (Dreissena polymorpha and Dreissena bu-
gensis) or Corbiculidae have been shown to reduce populations of 
other large filter- feeding taxa such as Sphaeriidae and Unionidae 
(Marescaux et al., 2016). However, if food is abundant, two species 
could share the same resources without negatively impacting each 
other (Pianka, 1974). For example, omnivorous fish suffer less from 
river regulation and habitat destruction than fish having more spe-
cialised diets (Aarts, Van Den Brink, & Nienhuis, 2004; Latli, Descy, 
et al., 2017).
Although food web models are traditionally used to determine 
trophic interactions between species, several studies have shown 
that dietary variation may occur within populations or species 
(Bolnick et al., 2003). Indeed, a generalist species or population con-
suming a large range of resources may be composed of many indi-
viduals specialised on small subsets of food items that differ among 
individuals. These individual specialists could play their own ecologi-
cal roles in terms of trophic relationships and habitat use (Yurkowski 
et al., 2016). Trophic individual specialisation (IS) is influenced by 
trophic competition (intra- and/or inter- specific), prey diversity and/
or abundance, and predation pressure (Araújo, Bolnick, & Layman, 
2011). According to the optimal foraging theory (MacArthur & 
Pianka, 1966), in a system with unlimited food resources, consumers 
may share preferred resources, decreasing the IS of the population. 
In contrast, decreasing trophic resources may result in a higher intra- 
specific competition for the preferred diet. Scarcity of preferred 
items could, in turn, force consumers to add alternative resources 
to their diets, increasing the degree of IS (Kernaléguen, Arnould, 
Guinet, & Cherel, 2015).
Individual specialisation has been well documented for species 
living in a large number of ecosystems (Araújo et al., 2011), but food 
web studies have rarely taken into account the ontogeny of individ-
uals, which implies the assumption that food resources are more or 
less similar for all life stages (Rudolf & Lafferty, 2011). However, tro-
phic interactions develop during the ontogeny of numerous species, 
with crucial consequences for populations but also for the entire 
food web (Nakazawa, 2015). The large majority of species with larvae 
feeding autonomously (invertebrates, fish, amphibians) have at least 
one diet shift in their early life. In freshwater, the majority of young 
fish larvae preferentially consume small zooplankton as rotifers, and 
small cladocera, which are the optimal diet in terms of cost/benefit 
ratio after yolk sac resorption (Nunn, Harvey, & Cowx, 2007a). This 
diet can be completed by small insects and phytoplankton. The diet 
of older larvae is generally more diversified: juveniles typically shift 
to benthic macroinvertebrate prey, with an herbivory complement 
according to the species, when fin development enables greater 
swimming performance (Nunn, Tewson, & Cowx, 2012).
As with many European rivers, such the Rhone, Danube, and 
Rhine, the Meuse River has been heavily regulated for navigation 
and flood control, mainly in the Belgian section (Descy, 2009). River 
channelisation and riparian land use reduce the inputs of terrestrial 
matter usable by the macroinvertebrate community (Lecerf, Baudoin, 
Besson, Lamothe, & Lagrue, 2012) while dams homogenise habitats 
by modifying erosion and sediment transport and deposition (Aarts 
et al., 2004). In the deepened sections of regulated rivers, the de-
velopment of benthic primary producers has been reduced by light 
limitation and habitat has been altered by removal of gravel deposits 
and macrophyte stands. By contrast, habitats of the French section 
of the Meuse River have been less disturbed, conserving their eco-
logical functions and biodiversity. The shallowness of the French 
section of the river allows the development of diverse aquatic and 
subaquatic vegetation, from periphyton to helophytes and hydro-
phytes. The riparian zone is quite well developed and contributes to 
increased habitat heterogeneity (Descy, 2009).
A major event in the recent history of the Meuse River was the 
establishment of non- native filter- feeding bivalves, dreissenid and 
corbiculid mussels, which contributed to reduce the phytoplankton 
and zooplankton biomass by 85% over a period of 15 years (Pigneur 
et al., 2014). As in many European and American freshwater ecosys-
tems (Higgins, Vander Zanden, Joppa, & Vadeboncoeur, 2011; Ward 
& Ricciardi, 2007), the invasive filter- feeders have impacted most 
biota in the Meuse River, from plankton to piscivorous fish (Latli, 
Descy et al., 2017). However, the impact on fish communities var-
ied according to the degree of channelisation. In the Belgian part of 
the river, the biomass of some species such as roach (Rutilus rutilus), 
which dominated the community during the 1990s, was reduced by 
85%, mainly as a result of the collapse of the water column resources 
(Otjacques, De Laender, & Kestemont, 2016; Otjacques et al., 
2015). By contrast, in the less regulated part of the Meuse River in 
France, the stock of roach remained constant (Alonso, Mougenez, & 
Delattre, 2014).
highlight the importance of limiting channelisation to better conserve fish 
communities.
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In this study, we used stable isotopes to compare the trophic 
ecology of differing developmental stages of four fish species in two 
differently regulated reaches of the Meuse River, in a context of low 
phytoplankton availability. We hypothesised that the habitat hetero-
geneity in the less channelised reach would offer greater food resource 
availability and diversity, which would increase the abundance of young 
of the year (YOY) fish. We delineated the diet of fish by ontogenic 
stages to identify the alternative exploited resources and we hypothe-
sised that trophic competition would be stronger among earlier onto-
genic stages, with a greater degree of IS in the channelised reach.
2  | METHODS
2.1 | Study area
The Meuse River rises on the Langres plateau in north- eastern 
France, flows through Belgium and Netherlands, and ends up in the 
Dutch delta after joining the Lower Rhine. The total length of the 
river is close to 925 km for a catchment area of 36,011 km2. The 
main characteristics of the river basin and of the river itself were 
summarised by Descy (2009). The present study was conducted in 
two reaches of the Meuse River located 469 and 488 km from the 
source (Table 1). The first site (France) is not channelised and naviga-
tion is not allowed. The flow is controlled by old- fashioned weirs that 
generally maintain shallow and fast- flowing reaches, allowing the de-
velopment of aquatic and subaquatic mosses and higher plants. The 
bank is near- natural in most stretches and a riparian zone of small 
width is well developed on a long range of river (Ham- sur- Meuse; N 
50°6′36″, E 4°46′49). The second site (in Belgium) is a heavily chan-
nelised reach allowing navigation of 1,600- ton barges. The water 
level is regulated by automatic weirs which maintain a relatively 
high- water depth. Frequent and heavy dredging of the river bed as 
well as concrete and stone banks considerably reduces the develop-
ment of aquatic and riverine vegetation as well as habitat heteroge-
neity (Waulsort; N 50°12′56″, E 4°49′37″).
During the last 25 years on the French and Belgian Meuse River, 
water temperature increased almost 1°C whereas orthophosphate, 
nitrate, and suspended matter concentrations decreased (Latli, 
Descy et al., 2017) along with phytoplankton biomass, which fell by 
85% (Figure 1). The zooplankton followed the same trend: during 
the 1990s the mean abundance of Rotifera was between 300 and 
500 individuals (ind)/L through the summer with maxima close to 
4,000 ind/L. After 2010, the maximal abundance was lower than 
100 ind/L (L. Viroux, unpublished data).
Benthic macroinvertebrate abundance is similar in the two studied 
sites (Latli, Descy et al., 2017). The family richness is slightly higher at 
Waulsort (28) than at Ham- sur- Meuse (25) mainly due to exotic taxa 
that represent >80% of the sampled organisms. In the channelised 
section in Belgium, the benthic invertebrate assemblage is dominated 
by crustaceans (e.g. Asellidae, Chelicorophium sp. and Dikerogammarus 
sp.), molluscs (e.g. Corbiculidae, D. polymorpha), and Oligochaetes. 
Pigneur et al. (2014) reported that invasive filter- feeders can reach 
densities between 50 and 900 individuals per square meter. In the 
French site, we find many taxa with preferences for fast- flowing con-
ditions (e.g. Ephemeridae, Coleoptera, and Diptera). The number of 
invertebrate scrapers has strongly increased in France in relation with 
phytoplankton decrease, which resulted in an improvement of water 
transparency, promoting periphyton and macrophyte growth in the 
shallowest parts of the river (Latli et al., 2018).
2.2 | Sampling and isotope measurements
2.2.1 | Sampling protocol
Potential food sources and fish were sampled at both sites every 
2 weeks from April to September in 2013 and 2014. Aquatic 
TA B L E  1   Physical description of two sites of the Meuse River (Ham- sur- Meuse in France and Waulsort in Belgium)
Site
Distance from 
source (km) Catchment (km2) Chanel width (m)
Water discharge (annual 
average m3/s) Altitude ± 5 m Slope (/1,000)
Ham/Meuse 469 10,110 100 148 105 0.13
Waulsort 489 10,584 120 152 95 0.25
F I G U R E  1   Long- term variation in the annual mean values of 
chlorophyll- a (μg/L) in the Meuse River between 1987 and 2016. 
Temporal trends were modelled using a generalised additive 
model with residual autocorrelation structure. Solid line and dots 
correspond to Ham- sur- Meuse (France) and dashed line and crosses 
to Waulsort (Belgium). (Data sources: Water Agency Rhin- Meuse, 
Public Service of Wallonia and WAter CONtrol DAta system for 
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vegetation (algae, bryophytes, hydrophytes, periphyton), terrestrial 
vegetation (bank and litter), planktonic resources (FPOM: fine par-
ticulate organic matter—particle size 0.6–30 μm; and CPOM: coarse 
particulate organic matter—particle size 30–100 μm), macroinverte-
brates (Diptera, Ephemeroptera, Crustacea…), and young of the year 
fish were sampled as potential food sources (Supporting Information 
Appendix S1). Macroinvertebrates were sampled with a Surber sam-
pler (mesh size 500 μm) along the banks and by scuba diving in the 
channel. By successive filtration, we separated planktonic resources 
into two potential food sources according to their sizes, from 0.6–
30 μm for fine particulate organic matter and 30–150 μm for coarse 
particulate organic matter. Thirty μm is the theoretical upper size 
limit of consumable preys by the invasive mollusc Corbicula fluminea 
(Way, Hornbach, Miller- Way, Payne, & Miller, 1990).
Every 2 weeks, 40 sampling points were randomly selected in the 
same part of the reach where potential food sources were collected. 
Young of the year fish were caught using the point abundance sam-
pling by electrofishing approach from a boat along the banks, with a 
7 kW generator delivering a continuous current (150–300 V at 3A) 
as proposed by Copp (2010). Electrofishing from boat was also car-
ried out to sample adult fish along the banks over multiple habitats 
and a distance of 800 – 1,000 m. We used a more powerful generator 
(400 V at 5A, DEKA 7000) to maximise the catch efficiency of large 
individuals.
Fish were anesthetised and euthanised using an excess of 
2- phenoxyethanol (3 ml/10 L freshwater) according to ethical re-
quirements, then rinsed with deionised water and frozen in an 
Eppendorf tube. All fish were identified at the species level using 
a key (Pinder, 2001). Individuals were grouped into three classes 
(larvae, juvenile, and adult), according to their morphological devel-
opment. We considered as larvae the newly hatched fish with no 
remaining yolk sac and with dorsal fin rays in development, and ju-
veniles as individuals with fins sufficiently well developed to allow 
swimming in open water (see Pinder, 2001 for more information). 
We considered specimens as adults when they were older than 1 
year, based on their length. The term YOY includes individuals at the 
larval and juvenile stages.
A total of 8,162 fish (7,914 YOY and 248 adults) from 20 species 
were caught and identified. Common bleak (Alburnus alburnus), chub 
(Squalius cephalus), roach (Rutilus rutilus), and European perch (Perca 
fluviatilis) represented 78% of the total individuals sampled. Isotopic 
analyses were carried out only on these four species. At each site 
and for every sampling date, whenever possible, we randomly se-
lected up to 30 YOY per species for isotopic analysis (common bleak: 
n = 214, chub: n = 635, roach: n = 652 and European perch: n = 101). 
After measuring the total length to the nearest mm, a sample of lat-
eral muscle tissue of each fish was used for stable isotope analysis. 
Each consumer and potential food source samples were dried indi-
vidually at 60°C for at least 48 hr and ground into a homogenous 
fine powder using a mortar and a pestle. Stable isotope ratio mea-
surements were performed via continuous flow—elemental analy-
sis—isotope ratio mass spectrometry at University of Liège, using a 
vario MICRO cube elemental analyser (Elementar Analysensysteme 
GmBH, Hanau, Germany) coupled to an IsoPrime100 mass spec-
trometer (Isoprime, Cheadle, UK). Isotopic ratios were expressed 
using the widespread δ notation (Coplen, 2011). Sucrose (IAEA- C6, 
δ13C = −10.8 ± 0.5‰, mean ± SD) and ammonium sulfate (IAEA- N2, 
δ15N = 20.3 ± 0.2‰, mean ± SD) were used as certified reference 
materials. Both of these reference materials are calibrated against 
the international isotopic references, i.e. Vienna Pee Dee Belemnite 
for carbon and atmospheric air for nitrogen. Standard deviations on 
multi- batch replicate measurements of lab standards (fish tissues) 
analysed interspersed among the samples (two laboratory standards 
for 15 samples) were 0.1 ‰ for δ13C and 0.3 ‰ for δ15N.
2.3 | Isotope metrics
For the 12 fish groups (four species and three stages) composed by 
at least five individuals, isotopic niche parameters were computed 
using the SIBER package for R (Jackson, Inger, Parnell, & Bearhop, 
2011). SIBER was used to generate bivariate standard ellipses that 
represent core isotopic niches of consumers, as well as convex 
hulls that comprise all individuals of a δ13C and δ15N isotope bi- plot 
(Layman, Quattrochi, Peyer, & Allgeier, 2007). Areas of these ellipses 
were estimated using a computation method designed to minimise 
effects of small and/or uneven sample size (SEAC, Jackson et al., 
2011). The cumulative overlap between ellipses of the different fish 
groups illustrates the potential trophic competition among taxa at 
the site where samples were collected.
We calculated the contributions of potential food sources to 
each age class of each species’ diet with the R- software (R 3.4 ver-
sion, R Development Core Team, 2015) using the package MixSIAR 
(Stock & Semmens, 2013). The isotopic variations of potential food 
sources were characterised by the mean of the taxa family (±SD) 
and the abundance of each taxon analysed (Supporting Information 
Appendix S1). The MixSIAR models were constructed using trophic 
enrichment factors determined previously by the authors during a 
controlled experiment targeted on YOY of the studied species (Latli, 
Sturaro, et al., 2017) and with the formula proposed by Caut, Angulo, 
and Courchamp (2009) for adults. To reduce the number of potential 
food sources in the model, we pooled prey types if stable isotope 
values were not statistically different as proposed by Phillips et al. 
(2014).
In addition to age class analysis, MixSIAR was also used to com-
pute relative prey contribution to the diet of each individual fish. This 
output was subsequently used to calculate the individual trophic 
specialisation of each fish species and age class using the method 
developed by Araújo, Bolnick, Machado, Giaretta, and dos Reis 
(2007) and Bolnick, Yang, Fordyce, Davis, and Svanbäck (2002) with 
the RInSp package (Zaccarelli, Bolnick, & Mancinelli, 2013). For each 
fish group, we estimated the total niche width (TNW, a measure of 
population- level variance in diet) as the sum of diet variability within 
individuals (or within- individual component, WIC) and diet variabil-
ity between individuals (). A smaller WIC than between- individual 
component is generally related to a specialist population. The ratio 
between WIC and TNW measured the degree of intra- population 
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foraging specificity (also called individuality). A ratio close to 1 in-
dicates that all individuals exploit the complete range of the popu-
lation's niche, as opposed to populations that comprise individuals 
having narrower isotopic niches than the population considered as 
individual dietary specialists.
2.4 | Statistical analysis
Temporal trends of population indices (abundance, biomass, and 
specific diversity) were examined over the study period using gen-
eralised additive models (Fewster, Buckland, Siriwardena, Baillie, & 
Wilson, 2000) and modelled as a smooth nonlinear function of time. 
Autocorrelation error was reduced by adding a residual autocorrela-
tion structure, optimised by minimising the AIC criterion over sev-
eral combinations of autoregressive parameters (Zuur, Ieno, Walker, 
Saveliev, & Smith, 2009).
With a generalised linear model, we characterised the relation 
between population indexes with time and site interaction. We also 
used a generalised linear model to identify relations between isoto-
pic indices (SEAC, Overlap, WIC/TNW) and the ontogenic stage, the 
species and the site. We realised the pairwise comparisons based on 
the Bonferroni adjustment with the lsmeans package (Lenth, 2016).
Normality of data and residuals were analysed with a Shapiro–
Wilk test (Shapiro & Wilk, 1965).
3  | RESULTS
In both studied sites, we first caught larvae with a resorbed yolk sac 
from April (Figure 2), with a maximum reached in May (18.5 larvae by 
m2). After this date, the total abundance of YOY communities varied 
depending on the site (p = .002, Table 2). In the most channelised 
site, YOY abundance strongly decreased while it remained constant 
until September at the less channelised station. The biomass and the 
species richness were significantly higher at Ham- sur- Meuse than at 
Waulsort, where they remained constant after a brief increase dur-
ing the first months of the study (respectively p < .001 and p = .005). 
Larval mortality of the earliest spawning species was potentially off-
set by the hatching of later breeding taxa at Ham- sur- Meuse, but not 
at Waulsort. The abundance of chub and roach varied in a similar 
way over time at both stations studied, with a rapid increase fol-
lowed by a steady decrease. By contrast, the abundance of the two 
TA B L E  2   Statistical evaluation of time and site effects with a 
generalised linear model for three population indices and young of 
the year abundances of four species caught at two sites of the 
Meuse River (Ham- sur- Meuse in France and Waulsort in Belgium) in 
2013 and 2014
p- values
Site Time Site × Time
Abundance .054 .048 .002
Biomass .005 .001 <.001
Species richness .015 <.001 .005
Alburnus alburnus <.001 .008 <.001
Squalius cephalus .68 .237 .477
Rutilus rutilus .689 .013 .099
Perca fluviatilis <.001 <.001 <.001
Bold values indicate statistical significance (p-value < .05).
F I G U R E  2 Temporal evolution of abundance, biomass and species richness of the young of the year (YOY) fish communities sampled at 
two sites of the Meuse River in 2013 and 2014. Abundances over time are shown separately for common bleak, chub, roach, and European 
perch YOY. Temporal trends were modelled using generalised additive models with residual autocorrelation structure. Solid line and dots 
correspond to the lightly channelised reach and dashed line and crosses to the heavily channelised reach
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other species differed according to the station: common bleak in-
creased at Ham- sur- Meuse but not at Waulsort (p < .001), whereas 
the contrary was observed for the European perch (p < .001).
The diet of consumers for all stages of development was estimated 
with MixSIAR models (see Supporting Information Appendices S1–S3 
for more details) for both sites. Benthic macroinvertebrates composed 
most of the diets of the four fish species (Figure 3a–c). Planktonic re-
sources and terrestrial vegetation were minimal components of lar-
vae, juveniles or adults’ diets at both sites. During the early ontogenic 
stages, fish assimilated a larger part of aquatic vegetation, mainly algae 
(95% credible interval [CI]: 5–57), which tended to decrease as fish 
grew (95% CI: 2–45) in favour of fish prey, notably at Waulsort (95% 
CI: 9–74). At Ham- sur- Meuse, fish had a modelled diet mostly consist-
ing of macroinvertebrates whereas at Waulsort, fish consumed larger 
quantities of aquatic vegetation and YOY (Figure 3c). However, the 
contribution of small YOY for larvae and juveniles was smaller for cy-
prinids than for juvenile European perch and for adults (except bleak).
The isotopic niche areas (SEAC) and the niche overlaps of the 
12 groups (four species and three stages) modelled with SIBER (see 
Supporting Information Appendix S4 for more details) did not differ 
between the studied sites, and the slopes of the regression between 
these two parameters were not significantly different, reflecting 
an absence of interaction with sites (p = .8, Figure 4). This finding 
is confirmed by a post hoc test (Figure 5), which highlights that the 
isotopic niche overlaps between species were significantly wider 
during the early- life stage (larvae, p < .001) while the isotopic niche 
size (SEAC) did not significantly differ (Figure 5). In both sites, niche 
overlap was greater during the larval stage.
At each ontogenic stage, the three species of cyprinid fish (com-
mon bleak, chub, and roach) had a niche overlap significantly higher 
than European perch (p < .01), and two of the cyprinids depended on 
a greater diversity of resources than the perch (larger SEAc for chub, 
p < .01, and roach, p < .05).
By studying the diet of each individual (WIC) related to the group 
to which it belongs (TNW) we evaluated the relative degree of IS 
(individuality). The slope of the regression was significantly differ-
ent between the two sites (p < .001) which suggests that at least 
one studied group had a more specialised diet at Waulsort than at 
Ham- sur- Meuse (Figure 6). Individual specialisation appeared higher 
(and WIC lower) relative to total niche variation (TNW) at Waulsort, 
indicating that some specimens consumed prey which strongly dif-
fered from the rest of the population in the most channelised reach. 
The post hoc test established that larvae had a more specialised diet 
in the Belgian site than those of the French site (p < .01, Figure 7). 
Furthermore, roach larvae were more generalist at Ham- sur- Meuse 
(p < .05) than at Waulsort, and chub and bleak larvae tended to fol-
low the same trend.
4  | DISCUSSION
Ecological impacts of river regulation on habitat diversity and fish as-
semblages have been widely documented, but their role in the trophic 
competition between fish ontogenic stages has been poorly inves-
tigated so far (Mapes, DuFour, Pritt, & Mayer, 2015; Wedderburn 
et al., 2017). In a low planktonic resource context, we hypothesised 
that the habitat heterogeneity potentially offers a greater resource 
availability and diversity, which increases the abundance of YOY fish 
and reduces trophic competition, notably during the earlier stages 
of development.
Our observations supported the hypothesis that river regulation 
potentially influences fish recruitment. Between April and June, 
abundance of YOY increased in a similar way at both sites. However, 
in the channelised reach, YOY abundance decreased afterwards, 
whereas it remained constant in the less regulated reach. This may 
be related to the later reproduction of other fish species as tench 
Tinca tinca, common carp Cyprinus carpio, minnow Phoxinus phoxinus, 
barbel Barbus barbus, or common bream Abramis brama, which com-
pensated mortality of the early spawning species as roach and chub 
(Bass, Pinder, & Leach, 1997; Pinder, 2001). Habitat diversity afforded 
by lateral connections and low mainstream regulation could improve 
fish recruitment by offering nursery habitat for a larger number of 
species, and potentially a wider diversity of food sources (Keckeis, 
Winkler, Flore, Reckendorfer, & Schiemer, 1997; Konrad et al., 2016; 
Nagayama & Nakamura, 2018; Reckendorder et al., 2001; Schiemer, 
Spindler, Wintersberger, Schneider, & Chovanec, 1991). In the Great 
Ouse River, the recruitment of numerous species decreased and 
many cyprinid fish became locally extinct due to the river regula-
tion and habitat homogenisation (Copp, 1997). In the Maumee River, 
lithophilic spawning fish and many cyprinid larvae benefited from 
the improvement of habitat quality and complexity (Mapes et al., 
2015). In this study, habitat diversity did not impact the recruitment 
of the two generalist species, roach and chub, whose densities were 
comparable to other rivers (Valová, Jurajda, & Janáč, 2006). This is 
in agreement with the report by Jurajda, Reichard, Hohausová, and 
Černý (2001) on rivers of the Danube basin, where river channel-
isation barely impacted limnophilic species. In contrast, rheophilic 
species as nase Chondrostoma nasus or spirlin bleak Alburnoides 
bipunctatus were more sensitive to river flow regulation, with the 
exception of chub, which was potentially better adapted to hydro- 
morphological modifications (Valová et al., 2006).
The abundance of common bleak and European perch YOY dif-
fered in the Meuse River according to the studied reach. This di-
vergence could be linked with the density of adult European perch 
which decreased over time in the French site, but remained constant 
in the Belgian section, while the opposite was observed for the com-
mon bleak (Alonso et al., 2014; Benitez, Dierckx, Nzau Matondo, & 
Ovidio, 2015). In another study, we showed that plankton decline 
and increased predation risk (e.g. the great cormorant Phalacrocorax 
carbo and the European wels Silurus glanis) influenced trophic struc-
ture of the fish community of the Meuse River (Latli, Descy et al., 
2017), which could potentially differ according to the diet type and 
the importance of human perturbation.
The temporal changes in YOY catches could also be attributed to 
deliberate dispersal movements. During early stages, fish disperse 
from nursery areas to appropriate rearing habitats (Lechner, Keckeis, 
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& Humphries, 2016) mainly at night to reduce predation risk (Johnson 
& McKenna, 2007). This dispersion could occur accidentally, follow-
ing high flow episodes for example (Pavlov, Mikheev, Lupandin, & 
Skorobogatov, 2008). The motivation of intentional drifting is not 
clearly addressed in the literature and may be stimulated by food 
availability or search for a specific habitat (Lechner et al., 2016) but, 
to our knowledge, there are no studies linking food quality or quan-
tity to YOY drift events.
Young of the year fish are sensitive to environmental changes 
(Jurajda et al., 2001; Wedderburn et al., 2017) but also to food avail-
ability (Nunn, Harvey, & Cowx, 2007b). In the Meuse River, the de-
crease of planktonic production has resulted in a diet shift of the 
four studied fish species, which turned to foraging in the benthos 
independently of the degree of channelisation and the abundance 
of riparian resources (Latli et al., 2018). Our results show that the 
diet of different cyprinid larvae and juveniles was mainly composed 
of benthic macroinvertebrates, with minor contributions of aquatic 
vegetation. Young of the year shift to benthic prey when planktonic 
prey decrease, which could indicate that benthic invertebrates were 
their optimal food sources in a low planktonic context (Nunn et al., 
2012). A similar response has been reported by Hoogenboezem, 
Lammens, van Vugt, and Osse (1992) for the common bream under 
zooplankton abundance lower than 500 ind/L. For many cyprinids 
and percids, switching from water column feeding to a selective cap-
ture of benthic prey could decrease the relative energy gain (Nunn 
et al., 2012) and enhance competition, which could be mitigated by 
habitat diversity and presence of alternative resources (Pintar & 
Resetarits, 2017).
Young of the year fish diet was partly composed by aquatic 
vegetation (i.e. bryophytes, spermaphytes, algae…), which could be 
important for some species (e.g. 25–29% of the larval diet for com-
mon bleak). This low- energy food contributed more to YOY fish 
diet in the more heavily channelised reach. Adult diet also differed 
according to the studied site. In the less channelised reach, the diet 
of the four species comprised mostly benthic macroinvertebrates, 
while, in the other site, macroinvertebrates were less consumed 
and feeding on aquatic vegetation and on small fish contributed 
more to adult diets. At Waulsort, almost half of the diet of European 
perch, chub and roach was composed by YOY fish, while at Ham- 
sur- Meuse this proportion was <20% even for the European perch, 
which is known to prey upon fish larvae in addition to macroin-
vertebrates (Linzmaier, Twardochleb, Olden, Mehner, & Arlinghaus, 
2018). Fish feeding habits at Waulsort could be linked with lower 
availability of benthic macroinvertebrates, and with higher com-
petition for food between consumers. The poor habitat structural 
complexity could also have facilitated predation on YOY fish at 
Waulsort, by increasing the foraging success of multiple predator 
species (Warfe & Barmuta, 2004). Therefore, YOY were potentially 
affected by both low food availability and high predation risk.
In the absence of planktonic resources, YOY cyprinids mostly con-
sumed the same resources whatever their ontogenic stages (i.e. larval 
or juvenile). Theoretically, when resource availability is reduced, fish 
trophic niche width tends to increase due to the diminution of their 
preferred diet (Bison et al., 2015). Juvenile fish generally consumed 
a broader range of prey types (zooplankton, macroinvertebrate lar-
vae…) than larvae. Older YOY probably easily feed on a wide range of 
prey due to a larger mouth size and improved mobility (Nunn et al., 
2012). However, we found that trophic niche areas of the two onto-
genic stages studied were similar regardless of the site. Niche overlap, 
however, was higher for larvae. This provides some evidence that the 
F I G U R E  3    (a) Diet composition, as depicted by the MixSIAR model, of four species of fish at larval stage, based on the individual δ13C 
(‰) and δ15N (‰) values and the potential food sources sampled at Waulsort and Ham- sur- Meuse between 2013 and 2014 (see Supporting 
Information Appendix S1 for details). Median: lines in centre of boxes, 50% credibility interval (CI): box boundaries, 95% CI: error bars. (b) 
Diet composition, as depicted by the MixSIAR model, of four species of fish at juvenile stage, based on the individual δ13C (‰) and δ15N 
(‰) values and the potential food sources sampled at Waulsort and Ham- sur- Meuse between 2013 and 2014 (see Supporting Information 
Appendix S1 for details). Median: lines in center of boxes, 50% CI: box boundaries, 95% CI: error bars. (c) Diet composition, as depicted 
by the MixSIAR model, of four species of fish at adult stage, based on the individual δ13C (‰) and δ15N (‰) values and the potential food 
sources sampled at Waulsort and Ham- sur- Meuse between 2013 and 2014 (see Supporting Information Appendix S1 for details). Median: 
lines in center of boxes, 50% CI: box boundaries, 95% CI: error bars. YOY, young of the year
F I G U R E  4 Relationship between 
the isotopic niche area (SEAC) and the 
cumulative overlap area between isotopic 
niches of four species of fish captured 
on two sites of the Meuse River differing 
by the degree of regulation, in 2013 and 
2014 [Colour figure can be viewed at 
wileyonlinelibrary.com]
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plankton diminution reduced the larval diet diversity, causing them to 
forage on other resources, such as benthic macroinvertebrates, which 
are also coveted by juveniles (Nunn et al., 2007a). Larvae were poten-
tially constrained towards greater herbivory, which could have been less 
metabolically efficient and might have decreased growth rates (Post & 
Parkinson, 2001).
Trophic competition and predation risk promoted diet plasticity, 
which could impact less competitive species such as common bleak 
(Lammens & Hoogenboezem, 1991). In the Meuse River, YOY and 
adult abundance of common bleak decreased since the 1990s in the 
heavily channelised reach (Benitez et al., 2015), potentially due to the 
increase of great cormorant abundance and the decrease of plank-
tonic resources (Latli, Descy et al., 2017). Conversely, the low plankton 
availability recorded in the Meuse River affected the trophic niche of 
the European perch in Waulsort differently. Contrary to YOY cypri-
nids, perch juveniles had a smaller isotopic niche, which means that 
they consumed less diverse resources; they mainly focused on benthic 
macroinvertebrates and YOY fish prey. Furthermore, European perch 
seemed less affected by the interspecific competition, as their niche 
overlap was smaller than the one of cyprinids. Due to an early hatching 
and a rapid growth (Pinder, 2001), young perches could swallow fish 
larvae and large benthic macroinvertebrates potentially inaccessible to 
other YOY taxa (Persson & Hansson, 1999).
Even though food depletion could increase mortality, it is rarely 
observed because food competition generally favours diet partition 
between consumers (Olsson, Svanbäck, & Eklöv, 2006). Moreover, 
intensification of trophic competition does not necessarily entail 
any effect on the population niche, but can instead promote diet 
F I G U R E  5 Comparison of the isotopic 
niche area (SEAC) and the cumulative 
overlap area between isotopic niches of 
four species of fish captured on two sites 
in 2013 and 2014. The significance of the 
interaction was tested using a generalised 
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F I G U R E  6   Relationship between 
the total isotopic niche width (TNW) and 
the within- individual component (WIC) 
of four species of fish captured on two 
sites of the Meuse River by the degree 
of regulation during 2013 and 2014. The 
slope of the relationship (solid lines) is 
an indicator of the dietary specialisation 
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diversification within a population, i.e. IS (Araújo et al., 2011; Bolnick 
et al., 2010). Here, larval isotopic niche widths (a proxy of the di-
versity of resources used by a population) were similar between 
sites. However, channelisation induces individual trophic speciali-
sation of larvae. In the less regulated reach, cyprinid larvae had a 
generalist diet, while in the heavily channelised reach individuals 
exhibited a more specialised diet oriented towards several mac-
roinvertebrate taxa or aquatic vegetation. Many authors reported 
that IS is a way to reduce trophic competition (Araújo et al., 2011; 
Dias, Ortega, Gomes, & Agostinho, 2017). In the channelised reach 
of the Meuse River, larval specialisation seems to be a way to deal 
with plankton rarefaction and increased trophic competition for 
macroinvertebrates with older stages of fish. Despite the fact that 
abundance of YOY cyprinids was similar in the two sites, all larvae 
from Ham- sur- Meuse focused on their optimal source food, i.e. a 
large panel of macroinvertebrate taxa. At Waulsort, low habitat di-
versity probably increased the resource partitioning between YOY 
(Marklund, Svanbäck, Zha, Scharnweber, & Eklöv, 2018) and forced 
the less competitive stages (i.e. larvae) to consume less energetic 
food sources as bryophytes and algae.
Early life stages are critical periods for many organisms, and they 
require more accurate study to improve our understanding of com-
munity ecology and ecosystem functioning in a framework of human 
disturbances (Mapes et al., 2015). This study highlights the key role 
of intraspecific resource repartition for YOY fish having to cope with 
plankton- depleted conditions. Younger cyprinid stages seem more af-
fected by intra- and inter- specific competition in the more channelised 
reach. YOY fish communities were also less diversified and abundant 
in the more altered site, which highlight the importance of limiting 
channelisation to better conserve fish communities.
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